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Available online 6 May 2015AbstractA composite consisting of magnesium matrix reinforced with a network of TiCeTi2AlCeTiB2 particulates has been fabricated using a
practical in-situ reactive infiltration technique. The microstructural and phase composition of the magnesium matrix composite (R-Mg) was
investigated using SEM/EDS and XRD. The analyses revealed the complete formation of TiC, Ti2AlC and TiB2 particles in the magnesium
matrix. Comparative compression tests of R-Mg and AZ91D alloy showed that the reinforcing particles improve the mechanical properties of
Mg alloy. EIS and potentiodynamic polarization results indicated that the reinforcing particles significantly improve the corrosion resistance of
the reinforced alloy in 3.5% NaCl solution.
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Magnesium alloys are receiving increasing attention as
potential applications in the automotive and aerospace sectors,
due to their light weight. Magnesium is the lightest structural
metal, being 35% lighter than aluminium and over four times
lighter than steel [1]. However, the application of magnesium
and magnesium alloys in automotive and aerospace applica-
tions has been limited due to its rapid loss of strength with
increasing temperature, low elastic modulus, low wear resis-
tance at elevated temperatures, poor creep resistance, high
coefficient of thermal expansion, and poor corrosion resistance
[2,3]. Reinforcement of Mg with suitable ceramic particles
such as TiC and TiB2 can compensate for some of the above
mentioned shortcomings [4]. This facilitates its use in different* Corresponding author. Tel.: þ20 1144919619; fax: þ20 22621908.
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stiffness, high wear resistance and good elevated temperature
creep properties [5e10].
Different techniques have been used to fabricate Mg matrix
composites reinforced with in-situ TiC and TiB2 particles,
such as self-propagating high temperature synthesis (SHS) and
re-melting and dilution [3,7]. In these techniques, a metal
powder such as Al was added to TieB4C preform in fabri-
cating TiB2eTiC/Mg matrix composites in order to promote
the reaction between Ti and B4C. However, high Al content
leads to limited ductility of the matrix because of the forma-
tion of the interdentritic grain boundary phase Mg17Al12 [11].
In different applications, notably in the automotive in-
dustry, compression properties of Mg matrix composites are
very important for the load carrying structural components,
especially at elevated temperature [12].
Mg is a very electronegative metal, having an electrode
potential around 1.5 V vs. SCE [13]. This high negative
potential combined with the formation of a non-compact, non-
protective oxide layer, when exposed to electrolytes as benignngqing University. Production and hosting by Elsevier B.V. All rights reserved.
Fig. 1. XRD spectra of the R-Mg fabricated at 900 C for 1.5 h using 10 wt.%
MgH2-90%(3Ti-B4C).
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impurities and second phase particles act as active cathodic
sites that accelerate corrosion of the magnesium matrix
[14,15].
In order to increase the potential use of Mg and Mg alloys
in various applications, engineers and designers are working to
improve the magnesium corrosion resistance through modifi-
cation of alloy chemistry and by improved surface protection
technologies. In addition, improved mechanical properties
may be achieved by microstructural engineering [14,16,17]
and/or the addition of different alloying elements [18e26].
In this study, the corrosion behaviour of an in-situ reactive
infiltration fabricated Mg matrix composite is investigated in
aerated 3.5% NaCl corrosive solution and the results are
compared with those of a commercial Mg alloy AZ91D.
2. Experimental
The materials used in this work are a Mg alloy AZ91D and
a Mg matrix reinforced with a network of TiCeTi2AlCeTiB2
particulates (R-Mg). The starting powders for synthesizing R-
Mg are Ti (325 mesh, 99.61% purity, Alfa Aesar Co.), B4C
(99% purity, <10 mm particle size, Alfa Aesar Co.), and MgH2
(98% purity, <59 mm particle size, Alfa Aesar Co.) powders.
Titanium and boron carbide powders are at a (3:1) molar ratio
corresponding to that of stoichiometric TiC and TiB2.
In the processing of the R-Mg, the molten AZ91D alloy
infiltrates a preform of 90 wt.% (3TipeB4Cp) þ 10 wt.%
MgH2 by capillary forces at a processing temperature of
900 C and 1.5 h hold time. Experiments were conducted in an
electric furnace under argon gas atmosphere
(purity ¼ 99.999%). The samples were allowed to cool to
room temperature in the furnace. Additional details related to
synthesis conditions, relative concentrations and mechanism
of preparation of the reinforced particles are available else-
where [27,28].
The ‘apparent’ density of R-Mg was measured using the
water absorption method based on Archimedes principle
(ASTM C20-00) [29]. The microstructure and the phase
analysis of the R-Mg samples were investigated by using
scanning electron microscopy (SEM, Philips XL30 FEG)
equipped with an energy dispersive X-ray spectroscopy (EDS)
analyzer and X-ray electron probe microanalysis (EPMA). X-
Ray diffraction (XRD) using X'Pert PRO X-ray diffractometer
(PANalytical Inc.) was used to investigate the crystalline
structure. It is important to note that silicon is added to the
powder sample during the XRD analysis as an internal stan-
dard to correct any systematic error.
Mechanical compression tests were performed on as-
received AZ91D alloy and the R-Mg composite according to
ASTM E9-89a [30]. Cylindrical specimens 12.7 mm in
diameter and 25 mm in height were used for the test.
Compression tests were performed on an MTS 809 machine,
with a 250 kN load capacity at room temperature with a cross-
head speed of 0.5 mm/min. Note: no barrelling was observed.
AZ91D alloy samples (obtained from Q-panels) were
cleaned with deionised water followed by rinsing with acetoneand then left to dry for 30 min at 60 C. The samples
(25 mm  25 mm  1 mm) then were cooled before corrosion
tests were conducted at room temperature. R-Mg specimens
were machined to cuboids with dimensions
10 mm  10 mm  25 mm and then cleaned according to the
above cleaning procedure.
Corrosion tests were carried out in a three-electrode type
cell using a saturated calomel electrode (SCE) reference
electrode, a platinum counter electrode and the sample as the
working electrode. The cyclic potentiodynamic polarization
tests were performed using an initial delay time at steady open-
circuit potential (OCP) for 60 min to stabilize the surface. The
polarization scan started from 100 mV below OCP i.e. from
cathodic to anodic at a rate of 1 mV/s. The sweep direction was
reversed to the cathodic direction when the current density
reached 2 mA/cm2. The test is stopped when the hysteresis
loop closes or the corrosion potential is reached [31].
Electrochemical impedance spectroscopy (EIS) measure-
ments were obtained at the measured OCP values applying
±10 mV perturbation in the frequency range from 1  105 to
102 Hz. Electrochemical corrosion measurements were per-
formed separately in 3.5% NaCl solution at room temperature,
naturally aerated, with a Gamry reference 600 instrument. The
solution was renewed every three days. The experimental re-
sults of the impedance were analyzed in terms of an equivalent
circuit using nonlinear least squares fit technique provided by
the Gamry software.
3. Results and discussion3.1. MicrostructureFig. 1 shows the XRD spectra of the R-Mg matrix com-
posite. The results confirm the complete formation of the
reinforcing phases Ti2AlC, TiCx and TiB2 inside the magne-
sium matrix. No residual intermediate phases (such as TiB)
have been observed. The formation of the ternary compound,
Ti2AlC, has been confirmed by comparing the XRD pattern of
114 M. Gobara et al. / Journal of Magnesium and Alloys 3 (2015) 112e120the fabricated composite sample with that of Ti2AlC obtained
from Pearson's crystal database [32]. It is important to note
that magnesium and magnesium oxide have been produced
during the synthesis of R-Mg due to reduction of MgH2 and
then interaction of Mg with oxygen respectively [33].
EPMA was used to analyze the distribution of the in-situ
reaction products; TiCx, TiB2, and infiltrated magnesium as
shown in Fig. 2. The microstructure of the composite shown in
Fig. 2 reveals a relatively uniform distribution of reinforcing
phases Ti2AlC, TiCx and TiB2, as a network in the R-Mg.
Furthermore, the EPMA maps reveal the existence of Al not
only inside the Mg matrix but also in the Mg-free regions. This
indicates that the ternary compound (Ti2AlC) is relatively
uniformly distributed in the network of the reinforcing phases.Fig. 2. EPMA of the R-Mg fabricated at 900 C foThe overlap between titanium, boron and carbon is clearly
observed proving the presence of the reinforcing phases
Ti2AlC, TiC and TiB2. Moreover, the overlap between tita-
nium, aluminium and carbon in the region of concentrated
aluminium reveals three distinct regions from the interface to
the core where Ti increases in the direction of the core while
the concentration of Al increases in the opposite direction,
indicating the reinforced particle of Ti2AlC is formed by
diffusion of aluminium though titanium particles.3.2. Characterization of R-MgThe results of the density and room temperature compressive
property measurements reveal that the density of the R-Mg liesr 1.5 h using 10 wt.% MgH2-90%(3Ti-B4C).
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and that of the reinforcing phases. The density of R-Mg
(2800 kg m3) is nearly 155% and 50% of that of the AZ91D
alloy and TiC, respectively. Typical compression behaviour of
the R-Mg, compared with that of the unreinforced AZ91D alloy,
is shown in Fig. 3. The results show that the R-Mgmanufactured
in this study exhibits higher modulus and compressive strength
comparedwith that of the unreinforcedAZ91Dmatrix, while the
ductility is reduced. The compressive strength and Young's
modulus of the R-Mg increased by nearly 300% and 320%,
respectively while the ductility decreased by typically 71%
compared with that of the unreinforcedAZ91D alloy. In general,
the increased strength of the composite is due to the formation of
the reinforcing phases where the dispersion of fine and hard
particles into the matrix blocks the dislocation motion and thus
strengthens the material.3.3. Corrosion performance of the AZ91D alloy and R-
MgAZ91D is a two-phase alloy, where the second phase is not
continuous therein reducing the ability for the second phase to
provide a passive barrier [34]. The corrosion behaviour of
AZ91D alloy in a corrosive solution such as 3.5% NaCl so-
lution is governed by the volume of the alpha-Mg matrix and
the composition and the distribution of the other phases. The
alpha-Mg matrix has a corrosion rate significantly greater than
that of beta phase, Mg17All2M, in this corrosive solutions [35].
The second phase acts as micro-cathodes with respect to
alpha-Mg anode forming micro-scale localized galvanic cells
which significantly accelerate the corrosion rate of adjacent
alpha-Mg matrix [34].
3.3.1. Potentiodynamic polarization results
AZ91D alloy is susceptible to localized corrosion, notably
pitting corrosion; accordingly cyclic polarization tests were
conducted to evaluate the pitting tendencies of both R-Mg andFig. 3. Compression stressestrain curves of (a) AZ91D alloy and (b) R-Mg
composite.AZ91D alloys in a 3.5% NaCl solution. The cyclic potentio-
dynamic polarization curve obtained for both alloys immersed
in solution is shown in Fig. 4. AZ91D alloy does not exhibit
passivity with the anodic branch of the AZ91D sample
showing continuous active dissolution of the metal until the
current density reaches the value of 2 mA/cm2 whereupon the
potential is reversed. The curve shows a positive hysteresis,
with pitting potential located approximately at the same po-
sition of that of corrosion potential. In addition, the repassi-
vation potential is more active than the corrosion potential
(OCP) with a corrosion current density of 0.76 mA/cm2 and
the curve shows significant hysteresis, in comparison to the
Mg-R sample, indicating nucleation and growth of pitting
[36].
The cyclic potentiodynamic polarization of the R-Mg
sample (Fig. 4) shows negative hysteresis. In comparison, the
corrosion current density of the R-Mg sample is one order of
magnitude lower than that of AZ91D sample at 0.07 mA/cm2.
Further, the polarisation curve of the R-Mg sample exhibits a
corrosion potential (1087 mV vs. SCE) that is higher than
that of AZ91D sample (1576 mV vs. SCE). In addition the
slope of the anodic branch of the R-Mg sample (803 mV/dec.)
is much greater than that of the AZ91D sample (214 mV/dec.),
implying a higher corrosion resistance for the R-Mg sample.
The surface morphology of both samples will be discussed
later.
3.3.2. Electrochemical impedance results
Using potentiodynamic polarization technique for
measuring corrosion rate is semi-quantitative as the rate of
corrosion of magnesium alloys changes with the immersion
time [37]. Consequently, EIS was applied to evaluate the
corrosion performance of both AZ91D and R-Mg alloys. EIS
was used at an open-circuit potential with the alloys immersed
in naturally aerated 3.5% NaCl solution. Nyquist plots, as a
function of immersion time for the AZ91D alloy are shown in
Fig. 5. The plots do not illustrate perfect semicircles, asFig. 4. Cyclic potentiodynamic polarization curves for AZ91 and R-Mg in
aerated 3.5% NaCl solution at room temperature.
Fig. 5. Nyquist plots of AZ91 in aerated 3.5% NaCl solution at room
temperature.
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homogeneities of the surface such as formation of porous
layers and/or surface roughness [38].
Two phenomena are observed from the figure: firstly, the
alloy exhibits the same trend throughout the immersion period.
Secondly, the magnitude of the semi-circles decreases with
immersion time. It can be observed that, the Nyquist plot
contains a capacitive loop at high to medium frequency and an
inductance loop at low frequency which indicates that there
are two processes taking place during immersion in solution.
The first process represented by the capacitive loop in the
high-medium frequency region is related to the charge transfer
resistance and the electric double layer capacitance. With
prolonged immersion, the semicircle diameter decreases by
about one order of magnitude over an 8-day period. This
decrease of capacitive behaviour reflects the decrease of
corrosion resistance of the alloy that may be assigned to the
formation of corrosion products [37]. The second process is
represented by the low frequency inductive loop, which may
be related to corrosion processes at the metal/solution inter-
face where interactions of water molecules and Cl with the
metal surface take place [39]. This interaction can be
described by either, or both, the instability of the electrode
surface (Cl penetration and adsorption), and the formation of
a magnesium hydroxide layer [40]. Also, it can be seen that
the size of the inductive loop decreases with the immersion
time which may be related to the formation of a non-protective
layer of magnesium hydroxide and/or chloride that hinder the
interaction between the metal surface and the corrosive
solution.
Visual inspection reveals that a vigorous reaction of the
magnesium surface takes place directly after immersion in
3.5% NaCl solution, which is related to water reduction and
evolution of hydrogen gas. It was observed that this reaction
continued during the following 8 days of immersion. Addi-
tionally, a white gelatinous insoluble precipitate appeared after
3 days of immersion in the electrolyte, which continued to
develop with increased immersion time. The composition ofthe precipitate is considered to be likely that of magnesium
hydroxide and/or chloride [33].
On the basis of these observations, the following electro-
chemical reactions are considered to take place on the mag-
nesium surface in aqueous NaCl solution.
Mg/ Mg2þ þ 2e ð1Þ
2H2O þ 2e/ H2[ þ 2OH ð2Þ
Mg2þ þ 2OH /MgðOHÞ2Y ð3Þ
As shown in reaction (1), the anodic reaction comprises the
oxidation of magnesium forming magnesium (II) ion where
the cathodic reaction is water reduction (reaction (2)). Finally
the magnesium ion reacts with hydroxyl ions producing
insoluble magnesium hydroxide as shown in reaction (3)
[37,41].
In the presence of high chloride ion concentration, mag-
nesium hydroxide will transform to insoluble magnesium
chloride [42].
MgðOHÞ2 þ 2Cl /MgðClÞ2Y þ 2OH ð4Þ
The precipitate of corrosion products that thicken with
immersion time delays the progressive dissolution of magne-
sium [43].
From the above discussion, when magnesium comes in
contact with an aqueous solution, magnesium hydroxide and/
or chloride are formed on the magnesium surface, which
serves as a protective layer. However, this layer cannot protect
the alloy in the presence of a corrosive medium containing
Cl, due to the porous nature of this layer [44].
To further elucidate the corrosion mechanism of AZ91D in
3.5% NaCl solution, SEM analysis was conducted following
immersion in 3.5% NaCl solution for 24 h and 8 days as
shown in Fig. 6. From Fig. 6a it is clear that corrosion has
occurred over the entire metal surface with individual shallow
pitting being observed at sites of intermetallic particles. After
8 days of immersion, Fig. 6b, the corrosion becomes intensive
exhibiting localized corrosion at intermetallic particles, which
are cathodic with respect to magnesium [45], forming a micro-
galvanic cell with the surrounding alpha magnesium matrix.
When the magnesium matrix surrounding the intermetallic
particles dissolves, these particles detached from the matrix
leaving vacant sites on the surface [37].
The Nyquist for R-Mg in 3.5% NaCl solution is shown in
Fig. 7. The figure shows a capacitive peak at high to inter-
mediate frequency range and an inductive peak at a low fre-
quency range after one hour of immersion. However, for
following measurements (24 h to 22 days) this inductive peak
is not present. The low frequency region represents the inter-
facial processes which occur between the metal surface and
the corrosive solution, indicating that an interaction at the
metal/solution interface takes place in the first few hours of
immersion. It is believed that the inductive loop in the low
frequency range is an indication of the corrosion of magne-
sium [46e49]. Therefore the disappearance of the inductive
loop suggests that a more protective film is formed on the
Fig. 7. Nyquist plots of R-Mg in aerated 3.5% NaCl solution at room
temperature.
Fig. 8. Phase angle response of R-Mg in aerated 3.5% NaCl solution at room
temperature.
Fig. 6. SEM images of AZ91 sample after immersion for (a) 24 h and (b) 8 days in aerated 3.5% NaCl solution at room temperature.
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transform from a resistive behaviour during the first 24 h of
immersion to a capacitive behaviour during the remaining
immersion time. This capacitive behaviour continues to in-
crease with immersion time, which may be attributed to the
formation of a passive layer.
Fig. 8 presents Phase angle plots of the R-Mg alloy where it
is seen that there is one time constant with an inductive loop
for the sample directly after immersion (1 h); the time constant
is at medium frequency range and the inductive loop is at low
frequency range. The time constant represents the charge
transfer resistance and the electric double layer capacitance,
whilst the inductive peak is related to the corrosion process
taking place at the metal/solution interface.
After 24 h of immersion, the phase angle curves show a
broad peak, atz0.3 Hz, which not only shifts from medium to
low frequencies, but also increases to approach 70. In addi-
tion, this peak becomes much broader with increasing time of
immersion. The large phase angle peak could be indicative of
two processes taking place during immersion [50]. The time
constant at medium frequency represents the charge transferresistance and the electric double layer capacitance, whereas
the low frequency range time constant represents the forma-
tion of a protective layer that increases the corrosion resistance
of R-Mg sample.
This capacitive behaviour is typical of passive materials
suggesting that a stable film is formed on R-Mg surface in
NaCl corrosive solution [50]. This is consistent with the results
determined by potentiodynamic polarization tests.
Physical observation of the R-Mg sample showed that a
strong reaction occurs directly after immersion in NaCl solu-
tion. This reaction completely vanished after one day of im-
mersion and neither sign of corrosion products nor
precipitation on the metal surface were observed. This reaction
may be related to the reduction of water on the magnesium
surface (cathodic reaction) that produces hydrogen gas as
shown in reaction (1). The anodic reaction is the oxidation of
magnesium at the metal surface leaving the reinforcement
network matrix, which has better corrosion resistance.
From the above discussion, it can be concluded that, the R-
Mg has a different behaviour than that of AZ91D alloy; it
seems to have a passivating behaviour.
Fig. 9. Equivalent circuits used for numerical fitting of the EIS experimental
data for the R-Mg sample; (a) before 24 h and (b) after 24 h of immersion in
aerated 3.5% NaCl solution at room temperature.
Fig. 10. Change of constant phase elements of double layer capacitance (Qo),
passivating layer capacitance (Q1) and charge transfer resistance (Ro) of R-Mg
sample with time of immersion in 3.5% NaCl solution.
Fig. 11. Change of corrosion potential of R-Mg sample with immersion time in
aerated 3.5% NaCl solution at room temperature.
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‘equivalent circuit’ models, as shown in Fig. 9. In Fig. 9a, Rs
represents the solution resistance between the alloy and the
counter (platinum) electrode, C is the double layer capaci-
tance, Ro is the polarization resistance and the L is an inductive
loop related to instability due to dissolution of magnesium
from the surface of the R-Mg alloy. This circuit represents the
R-Mg during the first 24 h of immersion in 3.5% NaCl solu-
tion. The modelling circuit of R-Mg during the remaining
period of immersion is presented in Fig. 9b, where Rs is the
solution resistance between the alloy and the counter (plat-
inum) electrode, Ro is the polarization resistance, Qo and Q1
are the constant phase elements (CPEs) for the double layer
and the formed passivating layer on the R-Mg surface
respectively. The results of fitting the experimental data to
these circuits are presented in Fig. 10.
Fig. 10 shows that directly after immersion the sample in
3.5% NaCl solution, the R-Mg sample exhibits low resistance
and high capacitance indicating a corrosion process, notably
the dissolution of magnesium from the surface via cathodic
reduction of water. It is observed that during the first 3 days of
immersion, the sample shows significant increase in the
resistance (R1) from 106 to 890 Ohm cm
2 and significant
decrease in the capacitance (Qo) from 0.5  103 to
105 F cm2. However, during the remaining time the sample
is immersed, the value of R1 slightly increases from 890 to
1363 Ohm cm2 (i.e. 473 Ohm cm2 over 19 days). In addition,
the value of Qo exhibits a stable behaviour that varies within
less than one order of magnitude. The figure also shows that
the value of Q1 of the layer formed on the magnesium surface
offers stability to the alloy over 22 days of immersion period
that it varies within one order of magnitude (between 102 and
103 F cm2) as shown in Fig. 10.
From the above results, the protective layer appears rela-
tively stable, as represented by the capacitance values and theincrease in the resistive behaviour suggests the system to be of
a passivating type.
On exposure of the composite sample, R-Mg, in the 3.5%
sodium chloride solution (Fig. 10) a significant increase in the
corrosion potential was observed, as shown in Fig. 11. The
electrode potential is continuously increasing to more noble
potentials during the first three days of immersion then the
potential becomes typically stable which indicates the for-
mation of a stable protective layer that improved corrosion
resistance of the prepared composite alloy, R-Mg.
SEM images of the R-Mg sample, before and after 22 days
of immersion in 3.5% NaCl solution, are shown in Fig. 12.
Fig. 12a shows that the sample contains alpha magnesium (see
arrows), as previously confirmed by XRD (Fig. 1), however,
these alpha-Mg areas disappear during immersion in the
Fig. 12. SEM image of R-Mg sample (a) before and (b) after immersion in 3.5% NaCl solution, (c) EDX-spot analysis before immersion and (d) after 22 days of
immersion in 3.5% NaCl solution.
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confirmed by EDX-spot analysis as shown in Fig. 12c and
d where the magnesium peak dramatically decreases after
immersion in the corrosive solution for 22 days.
From the above discussion, it can be concluded that the
improvement in corrosion performance of R-Mg (compared to
AZ91D alloy) is related to the dissolution of alpha magnesium
from the R-Mg surface during first few hours of immersion in
the corrosive solution leaving a surface rich in titanium car-
bides and borides, which have improved corrosion perfor-
mance over that of magnesium alloy AZ91D. This can be
confirmed by the increase of corrosion potential, potentiody-
namic polarization response and EIS results of R-Mg with
immersion time.
The overall observation is that reinforcing magnesium with
titanium carbides and borides particulates using in-situ reac-
tive infiltration technique improves the corrosion resistance in
aerated 3.5% NaCl corrosive medium compared to the AZ91D
alloy.
4. Conclusions
1. Reinforcing the AZ91D alloy with a network of TiC,
Ti2AlC, and TiB2 particulates increases the mechanicalproperties; notably compressive strength by 300% and
Young's modulus by 320%. Furthermore, the density of the
composite increased by 155% compared to that of the
AZ91D alloy.
2. EPMA revealed a uniform distribution of reinforcing
phases within the composite matrix R-Mg.
3. Potentiodynamic polarization indicted that AZ91D is
susceptible to localized corrosion and the composite alloy
showed a passivating behaviour.
4. Polarisation resistance values obtained from EIS analysis
indicate that the composite alloy, R-Mg, has high activity
during the first days of immersion in NaCl corrosive so-
lution due to initial dissolution of alpha magnesium from
the R-Mg surface leaving a more corrosion resistance
reinforced matrix (titanium carbides and borides).Acknowledgements
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